Maintenance of genome integrity is a fundamental requirement of all organisms. To address this, organisms have evolved extremely faithful modes of replication, DNA repair and chromosome segregation to combat the deleterious effects of an unstable genome. Nonetheless, a small amount of genome instability is the driver of evolutionary change and adaptation, and thus a low level of instability is permitted in populations. While defects in genome maintenance almost invariably reduce fitness in the short term, they can create an environment where beneficial mutations are more likely to occur. The importance of this fact is clearest in the development of human cancer, where genome instability is a well-established enabling characteristic of carcinogenesis. This raises the crucial question: what are the cellular pathways that promote genome maintenance and what are their mechanisms? Work in model organisms, in particular the yeast Saccharomyces cerevisiae, has provided the global foundations of genome maintenance mechanisms in eukaryotes. The development of pioneering genomic tools in S. cerevisiae, such as the systematic creation of mutants in all nonessential and essential genes, has enabled whole-genome approaches to identifying genes with roles in genome maintenance. Here, we review the extensive whole-genome approaches taken in yeast, with an emphasis on functional genomic screens, to understand the genetic basis of genome instability, highlighting a range of genetic and cytological screening modalities. By revealing the biological pathways and processes regulating genome integrity, these analyses contribute to the systems-level map of the yeast cell and inform studies of human disease, especially cancer.
Introduction
Maintaining a stable genome across generations is integral to an organism's survival. Genome instability (GIN) is tolerated at low levels, and the resulting mutations serve as the substrate for adaptation and evolution. Higher levels of GIN are invariably deleterious on a cellular level and have been associated with aging [1, 2] . Additionally, in the context of tissues in multicellular organisms, GIN is an acknowledged enabling characteristic of cancer formation [3] . The role of GIN in cancer development relates to the evolutionary nature of oncogenesis: by increasing the frequency of mutations or chromosomal changes, GIN creates an environment where activation of oncogenes and inactivation of tumor-suppressor genes are more likely to occur.
Because GIN can occur as a result of mutations in genes from many different biological pathways, the genetic basis of GIN phenotypes in cancer is an area of active research. Mutations in DNA repair genes such as BRCA1 and BRCA2 are well-established drivers of GIN in cancer, and many inherited cancer predisposition syndromes are also linked to DNA repair defects [4] . Moreover, cellular hyper-proliferation driven by oncogene activation itself has been suggested to cause GIN [5] . As cancer genome sequencing becomes routine, a deeper understanding of the causes of GIN may provide important prognostic information. Moreover, because many standard cancer therapies rely on genotoxic chemicals to damage DNA, understanding the genetic basis of GIN and the associated drug sensitivities may suggest personalized therapies for cancers where the root cause of GIN is known.
To navigate the cellular pathways that could be disrupted to cause GIN, yeast (Saccharomyces cerevisiae) has been exploited for several decades. Yeast can be grown quickly and cheaply, and genome engineering in yeast is rapid and precise. These features have lead to unparalleled community resources in yeast, including systematic knockouts of each gene [6, 7] , temperature-sensitive (ts) or other partial loss-of-function alleles for essential genes [8] [9] [10] [11] , systematic green fluorescent protein (GFP) protein fusions [12] and many other collections of plasmids covering the entire yeast genome [13] [14] [15] [16] [17] [18] . Here, we summarize large-scale functional genomic studies aimed at elucidating the spectrum of yeast genome maintenance pathways during mitotic growth. Coupling the functional genomic resources of yeast to specific assays for genome maintenance has revealed a remarkably complex portrait of genome integrity in the yeast cell.
Functional genomics of GIN
One of the simplest ways to measure GIN is to analyze the frequency of loss of genetic material. However, because the fidelity of DNA replication, DNA repair and chromosome segregation is so high, these events must normally be selected from large populations of cells. To detect these rare events, a selectable or counterselectable marker must be used. Several endogenous loci in the yeast genome are suitable for monitoring marker loss, and a variety of genetic tools have been developed that have enabled genome-wide screens for increased rates of mutation or chromosome instability ( Figure 1 ).
The a-like Faker and Bimater assays
The MAT locus in yeast determines whether haploid cells behave as a or a mating types. If the MAT locus is absent entirely, the default mating behavior is that of a MATa cell. Therefore, loss of the MAT locus in haploid a cells causes a switch from a to a mating type and is a convenient proxy for identifying GIN mutants. This behavior was noted >50 years ago with the description of the iconic Hawthorne deletion [19] . The mating behavior is the principle behind the a-like faker (ALF) assay, in which the ability of MATa cells to mate with other MATa cells is tested ( Figure 1A ) [20] . Mated diploid cells can be selected based on complementation of auxotrophic markers in each strain, and the frequency of colonies gives an approximation of the rates of various types of GIN. Whole chromosome loss can occur if the n À 1 haploid strain mates before it dies from loss of chromosome III. Similarly, large-scale chromosomal rearrangements can also lead to inactivation of the MAT locus. Gene conversion is another source of ALF, in which breaks in the MAT locus are repaired inappropriately by the silent MATa locus leading to a mating-type switch. Finally, rare focal deletion of the MAT locus because of errors in DNA repair is also possible in principle and would lead to an a-mating phenotype.
Heterozygosity at the MAT locus in diploids ensures that a/a diploids do not mate. The bi-mater (BiM) assay is based on loss of heterozygosity (LOH) of that MAT locus to create homozygous or hemi-zygous diploids ( Figure 1A ) [21] . This LOH allows normally sterile diploid cells to mate with haploid mating tester strains. As with ALF, there are several possible ways to lose one copy of the MAT locus, including whole chromosome loss, mitotic recombination and rearrangements.
Genome-wide ALF and BiM screens have been conducted on the yeast deletion collection, while a smaller-scale ALF screen of several hundred essential gene mutants has been conducted [20, 22] . In addition, a genome-wide BiM screen for haploinsufficient genome stability factors interrogated all heterozygous diploid mutants [23] . The results of these screens are partially overlapping and reveal hundreds of mutants with increased rates of ALF or BiM.
Loss of heterozygosity
The BiM assay uses the inherent heterozygosity at the MAT locus in laboratory yeast strains to detect GIN. However, in principle, the stability of heterozygosity at many loci can be monitored. The MET15 locus encodes a sulfhydrylase required for methionine biosynthesis but is otherwise nonessential for yeast growth. Deletion of MET15 produces a metabolic byproduct that reacts with Pb þ2 to create a black precipitate on colonies. This phenomenon has been exploited to screen for mutants that increase LOH events in a met15D/MET15 heterozygous diploid [24] . The heterozygotes retain their white coloration, but cells/colonies that have undergone LOH, or other means of MET15 loss, become black. This is read-out as black sectors in an otherwise white colony ( Figure 1B) . A screen of the homozygous yeast knockout (YKO) collection led to the identification of 61 mutants that increased the rate of LOH in diploids [24] . These genes functioned in many of the same pathways identified by the ALF and BiM screens, supporting the involvement of common mechanisms (discussed below).
Chromosome transmission fidelity
The power of yeast genetics has enabled the engineering of sophisticated artificial assay strains to measure GIN. One classic assay is the Chromosome Transmission Fidelity (CTF) assay, which has been reviewed elsewhere [25, 26] . In short, a stop codon engineered into the ADE2 gene induces red pigmentation of yeast colonies grown on low adenine media. An artificial chromosome fragment (CF) bearing the suppressor transfer RNA (tRNA) SUP11 is introduced to the assay strain, and the action of SUP11 reads through the stop codon to restore white pigmentation. The frequency of red sectors appearing in white colonies is now a direct read-out of CF loss ( Figure 1C ). Thus, introduction of a ctf mutant will dramatically increase the frequency of redsectored colonies. A quantitative measure of the CTF phenotype can be achieved by scoring half-red and half-white colonies. These 'half-sectored' colonies should reflect chromosome loss in the first cell division of the colony and thus can be used to calculate a rate of chromosome loss per cell division [26] . CTF is one of the most widely tested functional genomic assays in yeast, as it has been applied to the yeast deletion collection, and mutants in >90% of essential genes [20, 22, 27] . The results of these genome-wide screens show a functionally diverse group of 277 genes whose mutation can increase CTF. An important recent update to the CTF screening method is the development of quantitative single cell CTF (qCTF) [28] . This assay exploits a triple GFP fusion to the MFA1 gene that is only expressed in MATa haploids. Expression of Mfa1-3xGFP is then suppressed by the presence of a mini chromosome bearing the MATa locus, whose protein product strongly inhibits Mfa1 expression. When the mini chromosome is lost, expression of Mfa1-3xGFP is rapidly restored and can be detected in single cells using flow cytometry. The developers of this approach used the system to screen for genes whose decreased or increased dosage quantitatively increased mini chromosome loss. Interestingly, in the heterozygous deletion strains, many Left, loss of the MATa locus leads to a default MATa mating behavior, detected by mating to a MATa tester strain. Right, LOH at the MAT locus in diploids reactivates the cells ability to mate that can be tested with a mating tester of either mating type. (B) The MET15 LOH assay relies on the black pigmentation accumulated by colonies of met15D cells in the presence of Pb(NO3) 2 . Heterozygous met15D/MET15 strains grow with black sectors in otherwise white colonies with a greater frequency when the strain carries an LOH mutant. (C) The CTF assay depends on an artificial CF suppressing red coloration in an ade2-101 mutant. Right, secondary mutations that destabilize the CF lead to an increased in red sectoring. The frequency of half-sectors, indicating that the CF was lost in the first cell division of the colony can be used to calculate the rate of chromosome loss. (D) The CAN1 mutator assay relies on forward mutagenesis of CAN1. Because this single gene confers resistance to the arginine analog canavanine, the frequency of canvanine-resistant colonies can be used to calculate mutation rate. SC -R refers to SC (synthetic complete) media lacking arginine.
(E) The GCR assay relies on counterselection of two linked loci, URA3 and CAN1, that form colonies when both markers are lost on media with canavanine and 5-FOA.
(A colour version of this figure is available online at: http://bfg.oxfordjournals.org) ribosomal gene mutants exhibited qCTF, similar to the BiM screen of heterozygous deletions [23, 28] . qCTF has also been applied as one of the first systematic studies looking at increased copy number and GIN, and identified the dosage of cyclins, spindle checkpoint and other cell cycle proteins as crucial for genome maintenance [28] .
Mutator
A simple increase in mutation rate was one of the earliest functional genomic screens to exploit the yeast deletion collection to screen for GIN. The CAN1 mutator assay is a robust method to measure the forward mutation rate of yeast based on counterselection of the CAN1 gene. CAN1 encodes arginine permease, which is responsible for uptake of arginine from the environment. The permease is also the only route by which yeast can take up canavanine, a toxic analog of arginine. Thus, inactivating mutations in CAN1 can be selected simply by plating cells on synthetic media containing canavanine but lacking arginine, to avoid competition for Can1 permease ( Figure 1D ). The rate of mutations in wildtype cells is approximately 10
mutations/generation, thus relatively small population sizes are needed to detect mutation events. The CAN1 mutator assay has been performed in the entire YKO collection, the DAmP collection and a ts-allele collection covering 475 genes [9, 10, 29, 30] . These screens were initially conducted with patches of cells replica plated onto canavaninecontaining media. This qualitative approach can be used to rapidly identify candidates, which are then quantified using fluctuation analysis [31] . Together, genome wide and directed screens of >5000 yeast genes identified only 127 genes whose disruption lead to a significant increase in mutation rate [29, 30] . These results suggest that while chromosome instability can occur by many various mechanisms perhaps involving 600-700 genes, the rate of mutation is influenced by a smaller number of genes. Nearly all genes whose disruption increases mutation rate work directly in DNA replication and repair, with a handful of mutator genes functioning in metabolism, proteolysis and chromatin biology, suggesting that increased failed DNA repair or direct replication errors cause most mutations [30] .
Gross chromosomal rearrangement
Gross chromosomal rearrangements (GCRs) have been specifically targeted by at least two independent genome-wide screens [32, 33] . The GCR assay system measures loss of two linked counterselectable markers, CAN1 and URA3, whose loss together confers resistance to canavanine and 5-fluoroorotic acid (5-FOA). The CAN1-URA3 cassette is positioned in a telomere-proximal location such that terminal deletion of the chromosome arm still allows cell viability ( Figure 1E ). Terminal deletion, focal deletion or complex rearrangements that lead to loss of both markers can be detected using a simple qualitative papillation assay or quantitative fluctuation assay. Because in the absence of DNA damaging agents, inactivating point mutation of two adjacent markers in a single cell is extraordinarily unlikely, the GCR assay measures fundamentally different types of GIN than the CAN1 mutator assay. GCR assay strains with CAN1-URA3 placed on chromosome V or XV were mated with the YKO collection and screened by qualitative patch tests on the double counterselection media [32, 33] . A screen of ts or DAmP alleles of essential genes was done the same way using the chromosome V system [22] . Together, these studies identified 124 genes whose disruption increases the rate of GCRs. These screens revealed new GIN genes but also overlap considerably with the ALF, BiM, LOH and CTF screens [22] .
Integrating GIN screens current knowledge and future prospects CTF, ALF, BiM, GCR, LOH and mutator screens together implicate >700 genes in mitotic genome maintenance; a list which we refer to as the GIN master list and is summarized elsewhere [22, 30] . Because these assays test partly overlapping phenotypes, it is not surprising >200 genes have been associated with at least two of these phenotypes in whole-genome screens (Figure 2 ). These overlapping hits are higher-confidence genome maintenance factors because they are less likely to appear as false positives in two independent screens. At a high level, the reproducible GIN genes point squarely at the cell cycle and direct DNA transactions as the major potential source of instability ( Figure 2 ). These transactions include DNA replication, DNA repair, transcription and mitotic sister chromatid cohesion. In addition, genes with mitochondrial roles represent one of these high confidence groups-mitochondria are recognized as reservoirs for genotoxic reactive oxygen species and the site of Fe-S cluster formation; Fe-S clusters are integral cofactors for DNA polymerase function [34, 35] . Extending these enriched biological pathways among high-confidence genes to the genes appearing in a single screen paints an even richer picture. For example, three genes encoding subunits of the proteasome appear in more than one screen, but analysis of the complete spectrum reveals 20 genes associated with the gene ontology term Proteasome Complex. The large number of GIN genes in a single complex coupled with the appearance of several subunits in the high confidence list indicates that the proteasome is critical for genome maintenance. Indeed, direct tests of a mechanism linking the proteasome to recovery from replication stress followed from these observations [36] . Similarly, four subunits of the Smc5/6 complex appear in more than one screen, but all six subunits appear in the GIN master list. This approach can be extended beyond protein complexes, but presumably, the chance of false positives will increase. For example, the number of genes associated with enriched terms grows immensely when considering the entire GIN master list including single hits. For example, transcription is associated with 41 highconfidence genes but 161 genes overall, and RNA processing is associated with 11 high-confidence genes but 88 genes overall. Regardless of whether they appear in multiple screens, the enrichment of genes in biological pathways and proteins complexes gives considerable support to their importance in genome maintenance. Given the number of genes involved in genome maintenance, we will not discuss all the cellular pathways implicated here, but these pathways have been discussed elsewhere [20, 22, 30] .
All of the studies mentioned used simple functional screens for marker loss that exhibit a certain amount of redundancy, as shown by the overlap of hundreds of genes. Have the approaches to GIN analysis in yeast reached saturation? We do not think so for several reasons. (1) Saccharomyces cerevisiae underwent an ancient whole-genome duplication, and the consequences of the remaining genetic redundancy on GIN has not been tested [37] . (2) Most GIN screen studies have analyzed deletion mutants or randomly generated ts alleles. In the future, collections of mutations that encode more focused disruption of specific domains or amino acids, as has already begun for histones and RNA polymerase [38, 39] , will reveal mechanistic detail about important genome maintenance factors. (3) The aforementioned GIN screens have been conducted under standard laboratory environmental conditions; however, some mutants may only reveal their phenotype under stress (e.g. DNA damage, hypoxia, etc.), and we predict that additional insight will be gained by varying environments of genome stability screens. These variations will additionally be combined with the genetic tractability of yeast to develop new and more precise assays for specific GIN. One additional element that we discuss below is the application of functional genomics to the dynamics of the genome and the dynamic responses of proteins to genome destabilization.
Systematic analyses of DNA repeat sequence stability

Retrotransposons
Repetitive sequences in the eukaryotic genome are a natural source of GIN and must be protected against continual deletion, expansion or recombination to preserve the integrity of the genome. For example, long-terminal repeat (LTR) retrotransposons are widespread in eukaryotes and have a major impact on genome stability. The mobility of retrotransposons, which are the evolutionary progenitors of retroviruses, is highly regulated by the host cell to prevent mutagenic insertions. Saccharomyces cerevisiae contain five families of Ty retrotransposons (Ty1-5) [40] . Ty1 elements are the most frequent in the genome, but despite the fact that Ty1 RNA is highly abundant, the rate of retrotransposition is low-approximately 10 -8 -10 -7 per cell per generation [41, 42] . Systematic identification of mutants with increased rates of transposition has focused on Ty1 and Ty3 elements because they represent the two retrotransposon superfamilies in S. cerevisiae. Each Ty element is flanked by LTRs and is composed of both TyA and TyB open reading frames, analogous to retroviral gag and pol, respectively ( Figure 3A) . The retrotransposition cycle of Ty1 elements requires the transcription of the TY1 element by RNA polymerase II, nuclear export of the TY1 mRNA, translation of TY1 mRNA, assembly and maturation of Gag and Gag-Pol precursor proteins by Ty1-protease, reverse transcription of the TY1 mRNA to complementary DNA, import to the nucleus of the Ty1-integrase and cDNA followed by integration of the cDNA into the genome [49] . Defects in any step of this life cycle can either increase or decrease the rate of Ty1 mobility, and typically, Ty1 Gag and Pol protein and Ty1 cDNA levels must be analyzed to determine where the defect occurs.
Functional genomic screens for restrictors of Ty transposition mutants
To study Ty1 transposition, a plasmid-based donor Ty1 element carrying a HIS3 marker under the control of the GAL1 promoter was created to increase Ty1 element expression and therefore the frequency of Ty1 insertion events [50] . A modified version of this Ty1 donor element placed the HIS3 marker in the antisense orientation interrupted by an artificial intron (AI) in the sense orientation ( Figure 3A ) [51] . Transformed cells become Hisþ only after the GAL1-Ty1-HIS3AI element is expressed, spliced, reverse transcribed and inserted into the genome. Systematic screens for regulators of Ty transposition have used various permutations of these marked Ty elements to uncover both restrictors of Ty transposition (rtt) and retromobility host factors (rhf). rtt mutants cause hypertransposition and therefore increased GIN [43] . rhf mutants, which have reduced Ty1 mobility, are not a threat to genome stability, but of interest to researchers studying the mechanisms of retroelement mobility [44, [52] [53] [54] . Here, we will focus on rtt mutants, which were originally isolated using a mutagenesis screen that identified key players of genome maintenance, including the Cul8/Rtt101 Genome instability screening | 123 ubiquitin ligase complex that stabilizes components of the replication fork [43, [55] [56] [57] . A genome-wide rtt mutant screen was conducted by transforming a Ty1his3AI-integrating plasmid into 4739 nonessential mutants to identify mutants with increased Hisþ papillation [45] . The screen identified 91 rtt mutants that were enriched for Gene Ontology Processes such as DNA repair and recombination, chromosome organization, chromatin maintenance, cell cycle and chromatin modification. The rtt mutants include bre1, rad6 and mutants in the Paf1 complex, which together facilitate the ubiquitination of H2B to regulate telomere silencing, RNA polymerase II transcription elongation and DNA double-strand break (DSB) repair [58] . Indeed, paf1 mutants display increased TY1 insertion upstream of the SUF16 tRNA gene, a hotspot for transposition [45] . rtt mutants that restrict Ty3 mobility have also been identified by high-throughput screening [44] . Classes of mutants that caused increased Ty3 transposition included vesicular trafficking and vacuolar inheritance as well as DNA maintenance factors [44] . Two replication factor C-like complexes (RLC) were found to have opposing Ty3 mobility phenotypes. The Rad24 RLC complex functions in the DNA damage checkpoint, whereas the Elg1 RLC complex functions in lagging strand replication and PCNA unloading in response to fork stalling [59] [60] [61] [62] [63] . rad24 mutants have decreased Ty3 transposition, whereas elg1 mutants have increased Ty3 transposition [44] . Therefore, replication activity may prevent Ty3 insertion, whereas the Rad24 replication checkpoint may promote Ty3 insertion, either directly or by delaying the cell cycle.
Functional genomic screens to uncover regulators of Ty mobility have demonstrated that DNA damage and checkpoint response factors also protect the genome from Ty insertion. For example, proteins that suppress DNA recombination between repeat sequences, SGS1, RRM3 and RAD27, prevent Ty1 cDNA multimers from entering the genome [64, 65] . In total, 155 rtt mutants have been identified, of which 34% have a GIN phenotype, demonstrating their role as guardians of the genome ( Figure 3C ). Genome-wide screens have also revealed that the nuclear pore complex functions differently to regulate Ty1 and Ty3 mobility. Deletion of members of the Nup84 complex (NUP84, NUP120 or NUP133) causes elevated Ty3 mobility but decreased Ty1 mobility, despite the fact that Ty cDNA levels are increased in both cases [44, 53, 54] . Perhaps, the Nup84 complex is needed for the Ty1 cDNA-integrase pre-integration complex to enter the nucleus, or the nuclear pore may be actively involved in targeting Ty1 elements into the genome but not Ty3 elements. Interestingly, the Nup84 complex is required to relocate damaged DNA to nuclear pores, which may also have a role in the repair of Ty1 insertion sites [66] . Together, these studies paint a complex picture of host genetic factors that control the activity of retrotransposons.
Functional genomics of yeast telomere length
Another repetitive element in the yeast genome that has been subjected to genome-wide profiling is the telomere. Yeast telomeres cap chromosome ends with a degenerate G-rich repetitive element that binds specific telomere capping proteins. With each cell division, telomeres become shorter unless extended by telomerase-if telomeres become critically short, they can be inappropriately recognized as DNA damage leading to chromosomal fusions and GIN. Given the importance of these structures to genome maintenance, several groups have attempted to identify genes that modulate telomere length in yeast using both the nonessential yeast deletion collection and the DAmP collection of essential genes [46] [47] [48] . In these studies, telomere length was measured directly by gel electrophoresis and Southern blot analysis of genomic DNA extracted from each mutant strain ( Figure 3B) . Nearly 5500 yeast genes were analyzed, and at least 350 whose mutation leads to either longer or shorter telomeres were identified. As with the marker loss screens noted above, both expected and unexpected cellular pathways seem to affect telomere length. As expected, dozens of genes with direct roles in DNA metabolism or chromatin modification alter telomere length when mutated. Unexpectedly, mutations of both essential and nonessential genes involved in secretion and vesicle trafficking also change telomere length. As with the rtt screens, there is a considerable overlap between genes with telomere length defects and GIN; $25% of telomere length mutants exhibit GIN ( Figure 3C ). Presumably, many of the severe telomere length defects explain GIN phenotypes observed in other screens; however, in most cases mechanistic details are currently lacking.
High-throughput microscopy studies of genome integrity
Advances in automated high-throughput microscopy equipment and image analysis are allowing headway in uncovering new genes and pathways involved in genome stability [67] . Here, we highlight automated microscopy screens, or highcontent screening (HCS) data sets that have advanced our knowledge of genome stability.
Single fluorescent reporter proteins
In yeast, mitotic spindle formation begins in S phase and is highly regulated with respect to both spindle position and length because chromosomes are attached to microtubules throughout the cell cycle [68] . Spindle defects can therefore have a devastating effect on genome stability. A GFP-tubulin reporter was introduced into the deletion collection and imaged for spindle defects in live cells [69] . Double-mutant screens were also carried out in either bni1D or bim1D mutant backgrounds, which are sensitized for spindle defects. In total, 182 mutants were identified that had defects in spindle dynamics, including DNA repair and chromosome segregation mutants [69] . In particular, the Ctf19 kinetochore complex was revealed to have a role in late anaphase spindle disassembly [69, 70] .
Rad52, which is required for DNA DSB repair by homologous recombination, is diffusely distributed in the nucleus under normal conditions, but relocalizes to nuclear foci in response to DNA damage [71] . A clever LOH method was used to systematically generate $4800 nonessential homozygous diploid deletion mutants de novo from heterozygous deletion mutants and simultaneously introduce a plasmid-carrying yellow fluorescence protein (YFP) labeled Rad52 [72] . Imaging of each homozygous diploid mutant identified 86 mutants with increased levels of spontaneous Rad52 foci including mutants in genes involved in DNA replication, repair, chromatin architecture and the spindle checkpoint ( Figure 4A ) [72, 73] .
The cell cycle requirement of essential genes was assayed by turning off expression of 773 essential tetracycline-regulatable promoter (TetO 7 ) alleles and systematically analyzing their DNA content using flow cytometry [11, 78] . A subset of mutants (217) that accumulated in S or G2 phase of the cell cycle was screened for spontaneous DNA damage by visualization of another DNA damage protein, Ddc2, which forms nuclear foci on replication stress ( Figure 4B ) [74, 78] . The 217 mutants were also screened for ALF activity, and mutants in DNA replication functions were found to have both high Ddc2 foci and an ALF phenotype [74] . Further analysis revealed that depletion of DNA replication genes caused chromosome rearrangements proximal to Ty1/ Ty2 elements, likely because the repetitive nature of the element allows for recombination-mediated repair of DNA DSBs [74, 79, 80] .
DNA damage responses of the yeast GFP collection
The creation of the yeast GFP collection, in which GFP was systematically added to the C-terminus of $4800 yeast proteins permitted the proteome-wide analysis of protein localization in the yeast cell [12] . However, many proteins are not static and may shuttle between the nucleus and cytoplasm, relocalize or change in abundance in response to a stress such as DNA damage. Total proteome localization and abundance was analyzed by HCS of the GFP collection in response to hydroxyurea (HU)-and methyl methanesulfonate (MMS)-induced DNA replication stress ( Figure  4C ) [75] . Proteins tended to change in abundance or localization but only rarely in both. Proteins that relocalized were enriched for cell cycle and DNA repair proteins, whereas those that changed in abundance were enriched for cellular homeostasis proteins, suggesting that localization and abundance changes during stress are separate [75] . Four proteins-Cmr1, Hos2, Apj1 and Pph21-were found to co-localize to a distinct perinuclear location in response to DNA damage that surprisingly, did not co-localize with the Rad52 DNA repair focus [75] . Recently, the Cmr1 foci were demonstrated to be sites of protein degradation that may promote turnover of proteins from stalled replication forks in response to genotoxic stress [81] . Another unexpected result from Tkach et al. was that replication stress causes cytoplasmic P-body formation, suggesting that sequestering non-translating mRNAs is a response to genotoxic stress [75] . Fully automated analyses of proteome abundance and localization in response to genotoxic stress soon followed this study, and P-body formation was again highlighted as a cellular response to genotoxic stress [82] [83] [84] .
Reporter-SGA
The transcriptional read-out of cell-cycle regulated genes or genes induced during a genotoxic stress has been used in HCS to identify regulators of genome stability. This method, termed Reporter-SGA, uses a two-color GFP-red fluorescent protein (RFP) reporter system to monitor expression of a promoter of interest fused to GFP compared with a control promoter fused to RFP or tdTomato [77, 85] . Mutants are assayed for alterations in GFP expression relative to RFP simply by measuring fluorescence intensities from colonies arrayed on agar plates using a fluorescence scanner. This approach was used to discover that Rtt106 and Rtt109 have opposing roles in regulating histone gene expression [86] . A hallmark of the DNA damage response is transcriptional induction of the ribonucleotide reductase (RNR) complex that catalyzes the rate-limiting step in deoxynucleotide triphosphate synthesis. A recent Reporter-SGA screen was performed to identify nonessential and essential ts mutants that affect expression of an RNR3-GFP reporter in the absence or presence of MMS stress ( Figure 4D ) [76] . Mutants that cause increased RNR3 expression, of which 285 were identified, may represent genome stability factors and over half have human homologs [76] .
Perspective
The yeast system is a research workhorse in the field of genome integrity and considerable advances in understanding genome maintenance have emerged from yeast (e.g. the discovery of cell division cycle mutants [87] , linking microsatellite instability to mismatch repair deficiency in colon cancer [88] ). Systematic analyses of all genes in yeast for their effects on various types of genome stability have been conducted for the past decade and have identified hundreds of factors that, directly or indirectly, impinge on the genome. Given this huge body of knowledge, where is the future of genome integrity studies in yeast? As noted, studies of GIN will explore more precise mutations of domains or single amino acids in GIN proteins, or the effects of Figure 4 . HCS methods that identify regulators of genome stability. (A) Homozygous diploid mutants (MATa/a xxxD/xxxD) carrying Rad52-YFP were screened for increased formation of Rad52-YFP foci (small dot) in the absence of external stress [72] . (B) 217 Tet alleles that accumulate in S or G2/M phase were screened for increased Ddc2-YFP foci (small dot) [74] . The addition of doxycycline (þdoxycycline) turns off expression of the Tet alleles. (C) Whole proteome abundance and localization of the GFP-collection (XXX-GFP) in response to HU and MMS [75] . The nuclear periphery is marked with Nup49-mCherry (red circle). (D) A Reporter-SGA screen to identify nonessential (xxxD) and essential (ts, xxx-ts) ts mutants with increased or decreased RNR3-GFP expression in the presence (þ) or absence (À) of MMS [76] . The C-terminus of RNR3 (black rectangle) is fused to GFP (light rectangle) in the genome (thin black lines). The promoter of the ribosomal protein, RPL39 (RPL39pr) is fused to tdTomato (lower rectangle) and is used as a control promoter. Shown is an example of an agar plate with 96 independent mutant colonies that has been scanned using a fluorescence scanner. Most colonies do not show a change in RNR3-GFP expression (yellow circles). Two mutant colonies have increased RNR3-GFP expression (green or lighter dots), and one mutant colony has decreased RNR3-GFP expression (red or darker dot). Schematic adapted from [77] . (A colour version of this figure is available online at: http://bfg.oxfordjournals.org) gene-environment interactions on genome stability. Modern technologies such as fully automated high-content live microscopy and image analysis are already being used to visualize protein relocalization in response to genotoxic damage [82, 83] . Deep sequencing is providing whole-genome mutation profiles in the absence of specific GIN genes [30, 89, 90] . To have an impact on human health by translating knowledge from yeast studies to human cells is an important outcome of this work. While many high-throughput approaches to study genome stability in tissue culture cells have been successful [91] [92] [93] , it is difficult to imagine many of the aforementioned yeast screens being reproduced in human cells in a cost-effective manner. Instead of translating the screening approaches, the identity of genes and pathways implicated by yeast studies in genome maintenance can be directly tested in human cells. Indeed, previous studies have spent considerable time identifying human orthologs of yeast GIN genes and exploring their mutational status in cancer [22] . Generally, the human genes with the strongest annotations to the GIN pathways defined in yeast are frequently mutated in cancer, suggesting that further mechanistic studies of these genes in yeast and humans would inform the nature of GIN in cancer [22] . Indeed, previous work used the identity of yeast GIN genes to direct candidate gene sequencing in a panel of colorectal cancers, which led to the identification of cohesin mutations in colorectal cancer [94] . Another approach to translating the identification of GIN genes in yeast to human cancer is the prediction of novel therapeutic targets based on synthetic lethal genetic interactions observed in yeast [95] [96] [97] [98] . Synthetic lethal interactions describe a relationship between two genes where neither gene is essential for viability but loss of both genes together leads to cell death [99] . Synthetic lethal interactions identified in yeast guide the identification of synthetic lethal partners, and therefore candidate therapeutic targets, of a gene mutated in cancer [96] . Identification of GIN pathways, along with cross-species mechanistic or synthetic lethal studies represent just some of the ways in which data from yeast impact our understanding of genome maintenance in human health and disease.
Key Points
• Genome stability has been analyzed extensively via functional genomics in yeast.
• A composite of different GIN screens reveals that >10% of yeast genes affect genome integrity.
• New high-throughput technologies will continue to deepen our understanding of the network of genome maintenance proteins.
• Yeast research provides significant advantages for genetic dissection of genome maintenance.
